The effect of Fos and Jun binding on the structure of the AP-1 recognition site is controversial. Results from phasing analysis and phase-sensitive detection studies of
Many transcription factors alter the structure of DNA upon binding to their recognition sequences. Elucidation of the DNA structural changes induced by transcription factor binding is important for understanding both the selective binding of promoter elements (1) and the assembly of higher order nucleoprotein complexes (2) (3) (4) . The most widely used methods for the analysis of protein-induced DNA bending are based on the lower electrophoretic mobilities of bent DNA fragments. However, since the mobilities of protein-DNA complexes are affected by many factors in addition to DNA structure, the original method based on this principle, circular permutation analysis, is susceptible to artifacts caused by factors unrelated to DNA bending (5) (6) (7) (8) . To circumvent these problems and to investigate the orientation of DNA bending, alternative methods, based on the phase-dependent interaction between two DNA bends, have been developed (6, 9) . In these approaches, the protein-binding site is placed in tandem with an intrinsic DNA bend and the spacing, and therefore the helical phase relationship between them is varied. When two bends are in phase, they cooperate to increase the overall extent of bending, whereas when they are out of phase, they counteract and reduce the net DNA bend. T'wo conceptually related, yet functionally distinct, methods for the analysis of DNA bending based on phase-dependent differences in electrophoretic mobility, have been described ( Fig. 1) (6, 9) . The main difference between these methods lies in the relative lengths of the spacer separating the two bends and the DNA flanking the bends. In the first method, originally called phasesensitive detection, the spacer is long relative to the flanking segments, so that the two bends are well-separated on the probe (9) . In the second method, called phasing analysis, the spacer is short and the flanking segments are long, so that the two bends are closely juxtaposed (6, 10) . This subtle difference in probe design can result in different conclusions regarding DNA bending (6, 10, 11) . Many other methods, including ligase-catalyzed cyclization, electron and atomic force microscopy, and x-ray crystallography, can provide information about DNA bending. In some cases, results obtained in studies using different methods appear to conflict (6, 10, (12) (13) (14) (15) (16) . It is therefore important to consider the effects of experimental parameters on the results from the different approaches.
The effect of Fos and Jun binding on the structure of the AP-1 site has been examined using many different methods (6, 10, 11, 15, 16) . Fos and Jun are members of the basic region-leucine zipper (bZIP) family of proteins whose dimerization is mediated by a leucine zipper and that bind DNA through an a-helical contact interface rich in basic residues (for review, see ref 17) . Studies using gel electrophoretic phasing analysis indicate that these complexes bend DNA, and that the orientations of DNA bending induced by Fos-Jun heterodimers and Jun homodimers are opposite (6, 17) . X-ray crystallographic analysis of peptides encompassing the minimal leucine zipper dimerization and basic DNA binding domains of Fos and Jun, bound to an AP-1 site, show little DNA bending (15) . Recent restriction fragment cyclization and phase-sensitive detection experiments concur with the crystallographic analysis and appear to contradict the results from the earlier phasing analysis (11) . The discrepancy between these results raises questions about the effect of differences in probe design on gel electrophoretic analysis of DNA bending.
MATERIALS AND METHODS
Preparation of Probes and Protein Purification. Plasmids pTK430-55 and pTK430-57 were constructed by cloning oligonucleotides containing three phased A-tracts and a polylinker spacer (shown in Fig. 2B ) between theXbaI and Sall sites of pTK401-26 and pTK401-28 (10) . Plasmids containing spacers of different lengths were generated by restriction digestion within the spacer followed by ligation, and their sequences were confirmed by DNA sequencing. Probes were generated by PCR amplification followed by PvuII digestion. Probes containing an AP-1 site separated by spacers between 31 and 66 bp from an intrinsic bend were generated by two-step PCR using primers containing an AP-1 site and spacer sequences in the first step, and flanking primers in the second step, followed by PvuII digestion. Probes containing an AP-1 site separated by spacers between 6 and 15 bp from an intrinsic bend were generated by PCR amplification using plasmids pTK401-21 through pTK401-30 as templates (10) .
Probes containing in-phase and out-of-phase bends with different lengths of flanking sequences were generated by PCR *e-mail: kerppola@umich.edu.
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Proc. Natl. Acad. Sci. USA 93 (1996) amplification with different primer pairs using plasmids A6.A2.47 and A6.A2.42 as templates (8) . Smaller probes were generated by NcoI and ClaI digestion, and the correct identity of the PCR products was confirmed by EcoRI digestion at a site located between the two bends.
Phasing analysis plasmids containing the his3-189 site were constructed by cloning the duplex oligonucleotides XCC, XC-CACCT and XCCACCTAGGT, where X=CAAAAAAA-AATGAGTCAT between the XbaI and SalI sites of plasmids pTK401-26 and pTK401-28, and probes were prepared as above. Multimers of the his3-189 site were prepared by ligation of duplex oligonucleotides GAGX (h21), CGAGXCCAT (h26), GCTC-GAGXCCACAT (h31), and GTAGCTCGAGXCCACCTAG-GTCCAT (h42) containing asymmetric CAT/ATG overhangs.
DNA bend calibration standards were prepared by PCR amplification templated by plasmids pJT170-2 through pJT170-9, followed by digestion with NheI to generate probes containing the bend approximately in the middle or with BamHI to generate probes containing the bend at the end of the fragment (18) .
The truncated Fos, Jun, and Nrl proteins were expressed in Escherichia coli as hexahistidine fusion proteins and purified by nickel chelate affinity chromatography as described previously (10, (19) (20) (21) 16°C . The reactions were stopped after 1 h by the addition of an equal volume of 20 mM EDTA, 0.2% SDS, 0.2 mg/ml proteinase K, 0.1 mg/ml dI-dC, 10% glycerol, bromophenol blue, and xylene cyanol. For analysis of ligation kinetics, aliquots were stopped at 5-min intervals. After 1 h incubation at 37°C, the products were separated on a polyacrylamide gel. Circular products were identified by their resistance to exonuclease digestion. RESULTS
Effect of Spacer Length on the Mobilities of DNA Fragments
Containing Two Intrinsic Bends. To investigate the effect of the differences in probe geometry between phasing analysis and phase-sensitive detection on the electrophoretic mobilities of DNA fragments, a set of model DNA structures was constructed by varying the separation between two intrinsic bends over several turns of the DNA helix. Each intrinsic bend consisted of three phased A-tracts. The mobilities of probes containing these DNA structures, ranging from shapes approximating a contiguous curve to shapes with two well-separated bends, were determined by PAGE (Fig. 2) . The relative mobilities of probes containing the two bends in phase versus out of phase were dramatically different when the bends were close together, but became progressively more similar as the bends were moved further apart ( Fig. 2 A and C). This reduction in the mobility difference between in-phase and out-of-phase probes with increasing separation between the bends was observed under all conditions examined. The reduction in the mobility variation with increasing spacer length was caused primarily by a decrease in the mobility anomaly of the in-phase probes, together with a smaller increase in the mobility anomaly of the out-of-phase probes (Fig. 2C ). Comparison with intrinsic bend standards indicated that probes containing two closely spaced bends in phase had a mobility anomaly that approached that of probes containing a single bend of the combined magnitude, whereas probes with two widely separated bends in phase had a mobility anomaly that was less than half of that of the contiguous DNA bend. In addition, probes with two out-of-phase bends that were separated by a long spacer had a mobility anomaly that was larger than that of probes with out-of-phase bends separated by a shorter spacer. Thus, bends that are separated by long spacers do not cooperate or counteract each other in their effects on electrophoretic mobility. Rather, probes that contain bends separated by long spacers have convergent mobilities that display little dependence on the phasing between the bends.
Effect ofthe Length of Flanking Sequences on the Mobilities of DNA Fragments Containing Two Intrinsic Bends. The second difference between phase-sensitive detection and phasing analysis is the length of the DNA segments flanking the two bends. To investigate the influence of this flanking DNA on the relative mobilities of probes containing phased bends, the length of the flanking sequences was varied on probes containing in-phase and out-of-phase bends (Fig. 3 ). These probes contained the reference bend used in the phase-sensitive detection studies (11) , separated by 42 and 47 base pairs from a second intrinsic bend containing two phased A-tracts. Thus, the position and structural context of the second intrinsic bend on these probes are similar to that of the AP-1 site on the probes used in the phase-sensitive detection studies (Fig. 1) .
The relative mobilities of probes containing in-phase and out-of-phase bends displayed a dramatic dependence on the length of the flanking sequences (Fig. 3) . Probes containing 136 bp on both sides of two in-phase or out-of-phase bends migrated with markedly different mobilities, whereas probes containing 17-bp flanking sequences had identical mobilities. This lack of a mobility difference between in-phase and out-of-phase probes with short flanking segments was observed under all electrophoresis conditions examined. Thus, the mobility variation of probes containing two DNA bends with varying phasing is critically dependent on the length of the The mobility anomaly represents the ratio between the apparent size based on electrophoretic mobility and the true length of the fragments. The mobility anomalies were fitted to a damped cosine curve, which is extrapolated to 5 bp spacing to allow better comparison with the mobilities of complexes formed by truncated Fos and Jun. The brackets above the plot compare the lengths of spacers used previously in phasing analysis (6, 10) and phase-sensitive detection (11) of DNA bending by Fos and Jun. The probes contained 60-bp flanking DNA on both sides of the bends, which is shorter than the flanking segments used previously in phasing analysis, but longer than the flanking segments used in phase-sensitive detection (see Fig. 3 ). (D) Relative mobilities of complexes formed by Fosl39-200-Jun257-318 (Fos'-Jun') on probes containing spacers of different lengths separating an AP-1 site from an intrinsic bend in a 5% polyacrylamide gel. The spacers on the probes containing the AP-1 site are 5 bp longer than the corresponding spacers on the intrinsic bend probes due to the insertion of 5 bp flanking the AP-1 site. The relative complex mobilities were normalized for differences in probe mobilities. Fig. 2A and C) predicted that the mobility variation among complexes containing a protein-induced DNA bend at varying distances from an intrinsic DNA bend would decrease with increasing separation between the two bends. Additionally, the experiments examining the effect of the length of the flanking sequences (Fig. 3) predicted that the mobility variation would be smaller for complexes bound to shorter DNA probes. To examine the validity of these predictions, we constructed probes with an AP-1 site separated by spacers between 6 and 66 bp in length from an intrinsic DNA bend containing three phased A-tracts. The PCR products were digested with PvuII to generate probes with 60 bp flanking the intrinsic bend and the AP-1 site. The mobilities of complexes formed by truncated Fos and Jun on these probes displayed a reduction in the mobility variation with increasing separation between the bends (Fig. 2D) . The mobility variation was smaller than that observed previously on longer phasing analysis probes containing 150 bp flanking sequences (10) . The amplitude of the mobility variation was also smaller than that observed for the intrinsic bend containing three phased A-tracts, as expected based on the smaller calculated DNA bend angle (6) . The distance dependence of the mobility variation was similar for the protein complex and for the intrinsic DNA bend. This concordance supports the hypothesis that the phase-dependent mobility variation (11) . To investigate if Fos and Jun induced bending at the his3 site by phasing analysis, probes were constructed in which this site was placed at positions close to an intrinsic DNA bend containing three phased A-tracts. Complexes formed by truncated Fos and Jun on these probes displayed a phase-dependent mobility variation, consistent with DNA bending (Fig. 4A) . However, the mobilities of the probes varied even in the absence of protein binding. The mobility variation was reduced on probes containing shorter flanking sequences, consistent with intrinsic DNA bending. To confirm that the mobility variation was due to DNA bending at the his3-189 site, the mobilities of multimers generated by ligation of oligonucleotides containing this site were examined (Fig. 4B) distribution of circular products was due to DNA bending, oligonucleotides that contained sequences with different preferred orientations of DNA bending were used (Fig. 5A) . Multimers of these oligonucleotides migrated with anomalous mobilities, indicating that they were intrinsically bent. Truncated Jun homodimers promoted cyclization of oligonucleotides that favored bending in the same orientation as Jun (syn), but inhibited the cyclization of oligonucleotides that favored bending in the opposite orientation (anti). The concentration dependence of these effects was similar to that observed for Jun binding to the AP-1 site. To confirm that these effects were not the result of changes in helical twist, oligonucleotides that deviated by one base pair from an integral number of helical turns were tested with similar results. Analysis of the rates of ligation confirmed that the differences in the yields of circular and linear products reflected changes in the relative rates of intramolecular and intermolecular ligation. Substitutions in the oligonucleotide that inhibited Jun binding eliminated the effects. Truncated Fos-Jun heterodimers inhibited the cyclization of all oligonucleotides tested. These results are consistent with DNA bending by truncated Jun homodimers. However, since many other factors can affect ligation (see below), it is not possible to exclude alternative interpretations of the data.
The results from the oligonucleotide cyclization experiments contrast with the results from studies of restriction fragment cyclization (11) . To investigate the difference between these approaches, restriction fragments containing AP-1 sites with and without adjacent intrinsic bends were ligated in the presence of truncated Fos and Jun. Surprisingly, both homoand heterodimers promoted the formation of long concatemers at the expense of circular products regardless of the phasing or presence of intrinsic bends and the integral or nonintegral number of helical repeats in the probe (Fig. 5B) .
The effect was not observed with truncated Nrl homodimers that can also bind to the AP-1 site (21) , indicating that it is not common to all bZIP family proteins. The stimulation of multimerization was highly sensitive to the protein concentration, but was less sensitive to the concentration of the DNA fragment. Kinetic analysis confirmed that the altered product distribution reflected a large increase in the rate of intermolecular ligation. Thus, truncated Fos and Jun can affect the relative rates of intermolecular and intramolecular ligation through mechanisms unrelated to DNA bending, confounding the interpretation of results from cyclization experiments.
Disulfide Bond Formation Between Fos and Jun. It has been suggested that heterodimers that are bound in opposite orientations to the phase-sensitive detection probes migrate with different mobilities during gel electrophoresis (11) . Complexes formed by Fosll8-211:Jun225-334 on the phasing analysis probes also display two distinct mobilities under some conditions (Fig. 6) . However, complexes formed by Fosl39-200:Jun257-318 have a unique mobility (Fig. 4A) . The regions that differ between these complexes include cysteine residues on the carboxyl-terminal sides of the leucine zippers of both Fos and Jun that are brought in close proximity upon dimerization. Complexes formed by proteins in which either of these cysteines was substituted by a serine migrated with unique mobilities. Thus, formation of a cysteine disulfide on the carboxyl terminal side of the leucine zipper causes a conformational change that results in altered electrophoretic mobility. If heterodimers bind to the AP-1 site in both orientations and remain bound in a fixed orientation for the duration of electrophoresis, their mobilities are not distinguishable under the conditions of these experiments.
DISCUSSION
The previous phasing analysis (6, 10) and phase-sensitive detection studies (11) The shape dependence of the mobility difference between in-phase and out-of-phase probes provides an additional criterion for evaluation of the DNA bending properties of a protein complex. The qualitatively similar behavior of complexes formed by truncated Fos-Jun heterodimers and probes containing an intrinsic bend supports the interpretation that the variation in complex mobilities is caused by protein-induced DNA bending. In particular, the progressive decrease in the mobility variation with increasing separation between the bends argues against any direct interaction between the intrinsic DNA bend and the protein bound to the AP-1 site. Consequently, the lack of a variation in the mobilities of complexes formed on the phase-sensitive detection probes supports rather than contradicts the interpretation that the mobility variation in phasing analysis is caused by DNA bending.
The physical basis for the shape dependence of the mobility variation is unclear at present. The reduced mobility variation of probes containing widely separated bends may be due to the increased torsional flexibility of the longer spacer or it may reflect independent interactions of the two separate DNA bends with the gel matrix. The reduced mobility variation of probes containing shorter flanking segments is likely due to a decrease in their interactions with the gel matrix. A similar reduction was observed in the mobility anomalies of probes containing single DNA (1996) necessary to consider the friction forces that act on molecules of different shapes during migration through the gel matrix. Such forces have been incorporated into simulations of DNA migration during gel electrophoresis (25) . However, no general theory of gel electrophoresis that considers the interactions between DNA and the gel matrix has been reported. Thus, interpretation of the data is at present limited to a qualitative level. The difference between phase-sensitive detection and phasing analysis can be most simply described as a failure of gel electrophoresis to discriminate between c-shaped and s-shaped molecules, whereas, under the same conditions, U-shaped and I-shaped molecules have distinct mobilities. Further analysis of the electrophoretic mobilities of DNA fragments of different shapes will be required to develop a quantitative basis for the interpretation of effects of the lengths of spacer and flanking sequences on electrophoretic mobility. Phasing analysis of truncated Fos-Jun heterodimer binding to the his3-189 site demonstrated significant differences in complex mobilities. These differences were in part due to an intrinsic DNA bend at the his3-189 site. This site contains a run of 10 consecutive A-T base pairs that may contribute to this intrinsic bend. Further studies of DNA bending by Fos and Jun at this and other binding sites is necessary to determine the sequence dependence of DNA bending.
Ligase-catalyzed cyclization provides a powerful method for the analysis of the relative proximities of correctly aligned intramolecular and intermolecular DNA ends (26) (27) (28) . However, many factors can influence the relative rates of cyclization and multimerization. The failure to detect the intrinsic bend at the his3-189 site (11) also suggests that this method may not be sensitive to small DNA bends. Truncated Jun homodimers can stimulate the cyclization of oligonucleotides in a manner that is dependent on the phasing of adjacent DNA bends. However, both homo-and heterodimers can stimulate the multimerization of restriction fragments regardless of the presence of adjacent bends. Previous studies using restriction fragment substrates found no effect of Fos and Jun on the relative rates of cyclization and multimerization (11) . One possible interpretation of these results is that truncated Fos and Jun influence ligation through multiple mechanisms. On probes containing multiple DNA binding sites, the phase-dependent stimulation of cyclization is dominant. However, on long probes containing a single binding site, this effect is offset and, under some conditions, reversed, by a concentration-dependent stimulation of multimerization. One possible mechanism for this effect is the formation of tetramers or larger oligomers that may bind multiple DNA fragments and stimulate intermolecular ligation between the long flanking segments. This effect may be reduced or eliminated by the shorter flanking segments present on the probes used in oligonucleotide cyclization. Regardless of the mechanism for this effect, the multiple factors influencing the relative rates of inter-and intramolecular cyclization compromise the application of ligasecatalyzed cyclization for studies of DNA bending by Fos and Jun.
The results from phasing analysis appear to contradict not only the results from phase-sensitive detection and ligasecatalyzed cyclization (11) , but also the results from x-ray crystallographic analysis (15) while they are supported by direct visualization of DNA bending by atomic force and electron microscopy (29) . There are many differences among these experiments that may contribute to the disparate results. First, regions outside the minimal DNA binding and dimerization domains of Fos and Jun contribute to DNA bending (6, 10) , and the small DNA bends caused by the bZIP domains alone may not be detectable by some methods. Second, the AP-1 sites used in the different studies have distinct flanking sequences, raising the possibility that the sequence of the binding site may influence DNA bending. Finally, the experimental conditions used in the various approaches are dramatically different. In particular, multivalent cations are often added to ligation reactions and crystallization buffers, but are not generally present during electrophoresis. These as well as other small molecules can affect intrinsic DNA bending (30) (31) (32) and may influence protein-induced DNA bending as well. By definition, crystallization requires constraint of the normal dynamics of the complex, which in many cases, including the Fos'-Jun'-AP-1 complex, involves end-to-end stacking of the binding site oligonucleotides. Such end-to-end stacking is likely to severely restrict the DNA conformations available to the complex. Further studies of the effects of these and other variables on DNA bending will be required for determination of the cause of the differences between DNA structures observed in different experimental paradigms. I 
